This study used a replicative lifespan assay of K6001 yeast to screen anti-aging food factors in commercial flavonoids. Hesperidin derived from the Citrus genus extended the lifespan of yeast at doses of 5 and 10 M as compared with the control group (p < 0:01, p < 0:01). Reactive oxygen species (ROS), real-time PCR (RT-PCR), and lifespan assays of uth1 and skn7 mutants with the K6001 background were used to study the anti-aging mechanisms in yeast. The results indicate that hesperidin significantly inhibits the ROS of yeast, and UTH1 gene expression, and that SKN7 gene are involved in hesperidin-mediated lifespan extension. Further, increases in the Sir2 homolog, SIRT1 activity, and SOD gene expression were confirmed at doses of 5 (p < 0:01) and 10 M (p < 0:05). This suggests that Sir2, UTH1 genes, and ROS inhibition after administration of hesperidin have important roles in the anti-aging effects of yeast. However, the aglycon hesperetin did not exhibit anti-aging effects in yeast.
Flavonoids are an important component of fruits, vegetables, nuts, seeds, leaves, flowers, and barks of plants, 1) and are widely known for their antioxidant activity. The four types of flavonoid-flavanones, flavones, flavonols, and anthocyanins-typically show a common benzo--prone structure 2) and aromatic hydroxyl groups. These are responsible for their antioxidant activity. 3) Flavonoids not only play important physiological and ecological roles, but also attract commercial interest as well because of their numerous applications in the food and pharmaceutical industries. [4] [5] [6] [7] Plant polyphenols, such as resveratrol (RES), have been reported to extend the lifespan of yeasts, nematodes, fruit flies, and mice. [8] [9] [10] Other important anti-aging food factors and their mechanisms of action at the molecular level should be investigated. Such study can yield important information for utilizing and developing plant sources of these food factors, and can reveal mechanisms to lay foundations for anti-aging theory.
Hesperidin and hesperetin, (Fig. 1A and B) , both flavanones derived from Citrus, have been found to have a variety of pharmacological properties, including antioxidant, cholesterol-lowering, and anti-inflammatory activities. 11) Hesperidin has also been found to be a potent free-radical scavenger, 12) but the details of its anti-aging effects and mechanism of action remain unknown. The present study used a replicative lifespan assay of the K6001 yeast strain to screen for anti-aging food factors from commercially available flavonoids. To gain insight into the mechanisms that determine organism lifespan, this study reports the anti-aging effects and mechanisms of hesperidin using yeast and yeast mutants as biomodels.
Materials and Methods
Hesperidin and hesperetin, S. cerevisiae strains, media, and lifespan assay. Hesperidin, hesperetin, and other compounds were purchased from Kexiang Biotechnology (Kunming, China). The strains were derived from BY4741 and from K6001. The sir2, uth1, and sir2uth1 mutants with BY4741, and the uth1 and skn7 mutants with a K6001 background were constructed using the kanamycin gene instead of the target gene. Yeast strains were grown on YPD medium containing 2% (w/v) glucose or on YPGal containing 3% (w/v) galactose instead of glucose. Agar plates were made by adding 2% (w/v) agar to the media. A yeast lifespan assay was conducted based on a previous report. 13) For replicative lifespan assay, the K6001 yeast strain was inoculated in 2 mL of galactose medium and subsequently incubated in a shaking incubator at 28 C at 160 rpm for 48 h. One mL of yeast culture was centrifuged at 1,500 rpm for 3 min. The yeast pellet was washed 3 times and diluted with distilled water. After counting using a hemocytometer, 5,000 cells were plated on glucose medium agar plates containing various concentrations of the samples, and plates were incubated at 28 C for 2 d. The microcolonies that formed on the agar plates were observed under a microscope, and daughter cells were counted. For replicative lifespan assay of the Ásir2, Áuth1, and Ásir2Áuth1 mutants of the yeast strain with a BY4741 background, a yeast lifespan assay was conducted following a previous study. 14) Determination of ROS generation. Changes in the intracellular ROS levels of the yeast were determined by measuring the oxidative conversion of cell-permeable 2 0 ,7 0 -dichlorofluorescein diacetate (DCFH-DA) to fluorescent dichlorofluorescein (DCF) with a ROS assay kit (Beyotime, Jiangsu, China) and a fluorescent plate reader Real-time quantitative PCR analysis. BY4741, the sir2 mutant with the BY4741 background, and the skn7 mutant with K6001 background yeast cells were cultured in glucose or galactose medium following the addition of 0, 5, or 10 mM hesperidin. RNA was extracted from the yeast cells at the exponential phase by the hot-phenol method. An RNeasy Mini Kit (Qiagen, MD) was used for RNA cleanup. Reverse transcription was performed using a cloned AMV first-strand cDNA synthesis kit (Invitrogen, CA) with oligo (dT) adaptor primers and 5 mg of yeast total RNA. Real-time PCR was performed using Light Cycler1. 5 0 -GGT GTA ATG GCC TCT TGC AT-3 0 . The amounts of UTH1, SOD1, and SOD2 were normalized to that of TUB1.
Sir2 activity assay. Hesperidin was mixed homogeneously with the reagents of the SIRT1/Sir2 deacetylase fluorometric assay kit following the manufacturer's instructions (CycLex, Ina, Nagano, Japan), and this was incubated at room temperature for 30 min. Subsequently, the fluorescence intensity was measured using a microplate fluorescence reader with excitation at 340 nm and emission at 460 nm. The CycLex Sir2 Assay kit measures the activity of Sir2 by the basic principle of changing the Sir2 reaction into the activity of the protease. The fluorophore and quencher are coupled to the amino terminal and the carboxyl terminal of the substrate peptide respectively. Before the reaction of deactylase, fluorescence cannot be emitted. However, if Sir2 causes deacetylation, the substrate peptide is cut by the action of the protease added simultaneously, the quencher separates from the fluorophore, and fluorescence is emitted. The enzyme activity of deacetylase was quantified by measuring the fluorescence intensity.
Statistical analysis. The significance of differences among groups in all the experiments was determined by ANOVA, followed by twotailed multiple t-tests with the Bonferroni correction using SPSS biostatistics software. A p-value of less than 0.05 was considered statistically significant.
Results
Anti-aging effects of the hesperidin in yeast Previous studies isolated two novel anti-aging ergosterols, ganodermasides A and B, and phloridzin, from spores of the medicinal mushroom Ganoderma lucidum and apple branch by replicative lifespan assay of K6001 yeast. 15, 16) The same bioassay system was applied in the present study to screen for anti-aging substances from commercially available flavonoids. Hesperidin at doses of 5 and 10 mM (p < 0:05, p < 0:01) was observed significantly to extend the repilicative lifespan of the yeast ( Fig. 2A) . However, hesperetin, the aglycon of hesperidin, did not affect the lifespan of the yeast (Fig. 2B ). These results suggest that the sugar moiety at C-7 of the molecule is crucial to the anti-aging effect of the hesperidin in yeast.
Effects of hisperidin and hesperetin on the ROS level of the yeast
One of the major causes of the damage that affect lifespan is thought to be ROS. ROS-induced damage leads to modification of the structure of biological macromolecules, including protein backbone fragmen- For replicative lifespan assay of K6001, cells grown in YPGal medium were spread on a glucose-medium plate containing various concentrations of hesperidin and hesperetin. The daughter cells of 40 microcolonies of each experiment were counted. The assay was repeated at least 3 times. The average lifespan for the untreated K6001 was 6.5 generations; resveratrol at 10 mM, 8.7
ÃÃ ; hesperidin at 5 mM, 7.5 ÃÃ ; at 10 mM, 8.9
ÃÃ ; at 50 mM, 6.8 ( ÃÃ p < 0:001); hesperitin at 5 mM, 5.4; at 10 mM, 6.6; at 50 mM, 6.7. tation or modification of amino acid chain and a loss of biological functions. 17, 18) The studies of Stadtman et al. indicate that oxidative modification proteins accumulate as a function of cell age in human erythrocytes and fibroblasts. 14) Moreover, protein damage in prematureaging diseases such as Hutchinson-Gilford progeria and Werner syndrome is much higher than in age-matched normal individuals. 19) Oxidative modification of proteins has also been associated with aging-related pathologies such as Alzheimer's disease. 18) It is thus to be expected that decreasing ROS production or increasing antioxidant defenses would have an anti-aging effect. Hence we measured the ROS level in the yeast after administrating hesperidin and hesperetin. The ROS level was lower in the 5 and 10 mM hesperidin treated groups (p < 0:05, p < 0:01) (Fig. 3A) , but hesperetin did not affect the ROS level of the yeast at 5, 10, and 50 mM (Fig. 3B ). This suggests that low doses hesperidin can decrease ROS production and extend the lifespan of yeast. Furthermore, the sugar moiety at C-7 of the molecule played a crucial role in ROS inhibition.
Hesperidin extends yeast lifespan via UTH1 inhibition
UTH1 is a yeast aging gene. 20) In previous studies, we observed that the UTH1 gene had an important role in the induction of the anti-aging effects of ganodermasides and other compounds in yeast. 15) The uth1 mutant yeast with a K6001 background had a longer lifespan than K6001. 15) This implies that UTH1 gene expression is important for lifespan extension in yeast. Real-time PCR analysis and a lifespan assay of the uth1 mutant were performed to examine the molecular mechanism of hesperidin-mediated lifespan extension and to investigate the effects of hesperidin on the lifespan of the uth1 mutant and UTH1 gene expression. The results indicate that hesperidin treatment lead to significant UTH1 repression (p < 0:01) (Fig. 4A) , and that hesperidin did not affect the lifespan of the uth1 mutant at concentrations of 5 and 10 mM (Fig. 4B) .
Involvement of SKN7 in hesperidin-mediated lifespan extension SKN7 is a transcriptional activator located upstream of the UTH1 gene. The promoter of the UTH1 gene was postulated to contain the binding sites for several transcription factors, including Mot3, Yap1, and Skn7, involved in the response to oxidative stress. 21) To obtain more evidence on hesperidin targeting of the UTH1 gene, investigations of the relationship between the UTH1 and the SKN7 gene and a lifespan assay of the skn7 mutant yeast with a K6001 background were Daughter cells of 40 microcolonies in each experiment were randomly counted. The assay was repeated at least 3 times. The average lifespan for the untreated uth1 mutant with a K6001 background was 8.7; hesperidin at 5 mM, 9.1; hesperidin at 10 mM, 9.1. Áuth1 represents the uth1 mutant of the yeast strain with a K6001 background.
performed. A reduction in UTH1 gene expression in the skn7 mutant yeast was observed, but UTH1 gene expression in the Áskn7 yeast was not affected by hesperidin at doses of 5 and 10 mM (Fig. 5A) . Furthermore, hesperidin did not affect the lifespan of the skn7 mutant yeast at doses of 5 and 10 mM, suggesting that Skn7 regulates the effects of hesperidin on UTH1 expression (Fig. 5B) .
Increases in the Sir2 homolog and SIRT1 activity after hesperidin administration in vitro
The Sir2 signaling pathway plays an important role in producing anti-aging effects in yeast. To investigate the anti-aging effect and mechanism of action of hesperidin, changes in Sir2 activity were determined. The results indicate that hesperidin dose-dependent increases Sir2 activity at 5 and 10 mM (p < 0:05, p < 0:01) (Fig. 6A) . This suggests that Sir2 has an important role in the antiaging effect of hesperidin in mammalian cells. SIRT1 activity was measured using a SIRT1/Sir2 Deacetylase Fluorometric Assay Kit according to the manufacturer's instructions. A mixture of SIRT1 reagent (30 mL), 10 Â NAD buffer (5 mL), hesperidin (5 mL), and diluted recombinant SIRT1 (10 mL), was incubated at room temperature for 30 min. The fluorescence intensity from 30 to 60 min at 1-2 min intervals was measured using a microtiter plate fluormeter with excitation at 340 nm and emission at 460 nm. Vertical bars represent mean AE SEM for three assays. Asterisks indicate significant differences from the corresponding controls ( Ã p < 0:05, ÃÃ p < 0:01). ROS analysis was performed as decripted in Fig. 3 . Daughter cells of 40 microcolonies in each experiment were randomly counted. The assay was repeated at least 3 times. The average lifespan for the untreated skn7 mutant with a K6001 background was 6.3 generations; hesperidin at 5 mM, 6.3; hesperidin at 10 mM, 6.5. Áskn7 represents the skn7 mutant of yeast strain with a K6001 background.
Replicative lifespan changes in the
sir2 mutant and an extended lifespan of the uth1 mutant were observed. Furthermore, when the Sir2 gene was deleted from the Áuth1 mutant, the lifespan extension of Áuth1 mutant was eliminated. These results suggest that the Sir2 gene have an important role in the lifespan extension of the Áuth1 mutant of BY4741.
Increase of the ROS level of the sir2 mutant yeast and change in the UTH1 gene expression of the sir2 mutant yeast after treatment with hesperidin Sir2/SIRT1 regulates aging and resistance to oxidative stress. 22) To understand the relationship between the increased activity of Sir2 and the decreased oxidative reaction, we used sir2 mutant yeast to measure ROS levels and UTH1 gene expression after administrating hesperidin. The ROS level of the sir2 mutant yeast was significantly increased as compared with the wild-type yeast (Fig. 6C ) (p < 0:001). In addition, hesperidin did not affect the UTH1 gene expression of the sir2 mutant yeast at 5 or 10 mM (Fig. 6D) . Therefore, these results clarify that anti-oxidative activity was enhanced with increase of Sir2 activity.
Increases in SOD gene expression after administration of hesperidin SOD is an anti-oxidative stress gene that takes part in free-radical scavenging. To check whether the SOD gene has a role in the anti-aging effects of hesperidin, we measured the changes in the SOD1 and SOD2 mRNA levels by RT-PCR. Hesperidin led to significant increases in SOD1 mRNA only at 10 mM (Fig. 7A ) (p < 0:05). However, a significant increase SOD2 mRNA was observed in both the 5 and the 10 mM hesperidin treatment groups (Fig. 7B ) (p < 0:01, p < 0:05). These results suggest that the SOD gene also has a role in the anti-aging effect of hesperidin.
Discussion
The budding yeast Saccaromyces cerevisiae and the fruit fly Drosophila melanogaster are used as valuable models to study oxidative damage and aging in higher organisms. 20, 21) In the present study, we used this yeast as a bioassay model to do an initial screening to search for anti-aging food factors, because it has the advantages of simplicity, speediness, good reproducibility, and low cost. Further, the genome DNA is not complex and has high homology with mammals. 23) All of DNA sequences are known and molecular mechanism research is relatively easy to do. 18, 24) The K6001 yeast strain is a W303-based strain originally constructed to study the mother cell specify of mating type switching. To simplify the lifespan assay at the initial screening, we selected it for the lifespan assay, because there is no difference in sensitivity (lifespan, ROS, Skn7, SIRT1, SOD1, and SOD2) to polyphenols as between K6001 and BY4741. We used the BY4741 yeast strain in experiments to understand further anti-aging mechanism of the wild type.
Hesperidin has been reported to produce anti-aging effects in yeast via inhibition of ROS and the UTH1 gene expression, and increase in Sir2 activity (Figs. 2A,  3A , 4A, and 6A). However, hesperetin, the aglycon of hesperidin, did not affect the lifespan of yeast (Fig. 2B ). This suggests that the sugar moiety at C-7 of the molecule is critical to the anti-aging effects of the hesperidin in yeast. Although no inhibition of UTH1 gene expression was observed in the 5 mM hesperidin treated group, hesperdin at 5 mM did not affect the lifespan of the uth1 mutant with a K6001 background. This suggests that the UTH1 gene is required by hesperidin in lifespan extension. The lifespan of the yeast treated with 5 mM hesperidin was significantly extended, possibly due to inhibition of the ROS in the yeast, the increase in Sir2 enzyme activity and SOD1 and SOD2 gene expression due to 5 mM hesperidin. Hence we concluded that the lifespan extension of yeast by hesperidin was the result of multiple regulations.
In addition, we found that the difference in SOD1 and SOD2 gene expression in the yeast was affected by hesperidin. SOD1 is Cu/Zn-SOD located in the cytoplasma, and SOD2 is Mn-SOD located in the mitochondria. SOD2 has an important role in anti-oxidative stress and is a scavenger of free radicals. Different types of SOD in an organism show different patterns of expression. SOD1 has to do with constitutive expression and SOD2 has to do with inducible expression. Therefore, the sensitivity of SOD2 to hesperidin is stronger than that of SOD1. Accounts for the difference between SOD1 and SOD2 gene expression, as shown in Fig. 7 .
During our study, hesperetin did not affect the ROS level of the yeast. In this, it was not consistent with another report. 25) Because we considered whether too high a concentration of hesperetin was used in our experiment, we performed ROS assay after administrating hesperetin at low concentrations (0.1, 0.5, and 1 mM) (data not shown). No inhibition of the ROS level in the yeast was detected. Parhaps the experiment conditions and the cell line affected the hesperetin effects on ROS.
A relationship between SKN7 and UTH1 was found. SIRT1, a homolog of Sir2, can govern the expression of genes for antioxidant proteins such as Mn-SOD and catalase via deacetylating and suppressing of FoxO function.
26) It can regulate UTH1 gene expression via binding of the promoter of the UTH1 gene to the response to oxidative stress, and UTH1 deletion can lead to increases in SOD gene expression (our unpublished observation). At the same time, previous evidence indicates that deletion of the SOD2 gene can lead to a reduction in UTH1 gene expression. 27) This evidence indicate that the signaling pathways (Sir2/SOD and SKN7/UTH1) might interact. In our study, although UTH1 gene expression in the skn7 mutant yeast was reduced, no lifespan extension was observed in the skn7 mutant yeast as compared to K6001. Possibly due to deletion of the SKN7 gene, a second oxidative stress response transcription factor, this led to a loss of regulation function in the oxidative stress response (OXR) genes. Another possibility is that SKN7 regulates several genes besides UTH1, and that those genes have roles in counteracting the effect of UTH1 in longevity regulation. Furthermore, the activity increase of SIRT1, the homology of Sir2 (Fig. 6A ), and the SOD mRNA level (Fig. 7A and B) suggest that the anti-aging effects of hisperidin result in multimodulation of mitochondria function via the UTH1 and Sir2 genes.
In conclusion, hesperidin mimics the anti-aging effects on yeast lifespan of resveratrol and phloridzin. Their anti-aging mechanisms have common points such as increases in Sir2 activity and SOD gene expression, and improvement of tolerance to ROS, but some differences exist among them. The UTH1 gene was required during lifespan extension by hesperidin. Hence, further attention should be given to the anti-aging potential and action mechanisms at the mammal cell level. Because of the high hesperidin content of the genus Citrus, citrus products might be developed as antiaging supplements for humans.
